Introduction {#sec1}
============

Interleukin-6 (IL-6), one of the key inflammatory cytokines, can be generated by tumor cells or tumor stromal cells, such as tumor-associated macrophages (TAMs) or fibroblasts.[@bib1], [@bib2], [@bib3], [@bib4], [@bib5] High IL-6 activity may promote tumor development by suppressing cell apoptosis and promoting tumor proliferation, angiogenesis, and metastasis.[@bib2], [@bib3], [@bib6], [@bib7] IL-6 signals through a receptor composed of two subunits: IL-6 receptor (IL-6R) that possesses ligand specificity and glycoprotein 130 that is common for interleukin family members.[@bib1], [@bib8] Binding of IL-6 to its receptor activates JAK kinases and in turn stimulates STAT transcription factors, particularly STAT3.[@bib1], [@bib2], [@bib8] It has been disclosed that the IL-6-dependent STAT3 activation is a prevalent event in tumor cells and is associated with excessive growth, invasion, and angiogenesis of cancers.[@bib1], [@bib7], [@bib8]

Vascular mimicry (VM) is a recently identified vascular channel-like structure that consists of tumor cells, but not endothelial cells, and displays positive staining for periodic acid-Schiff (PAS) and negative staining for CD34. VM provides adequate blood supply for tumors[@bib9], [@bib10] and is implicated in tumor growth and metastases, correlated with short survival of malignant tumors.[@bib11], [@bib12], [@bib13], [@bib14], [@bib15] It is proposed that VM may complement the endothelial cell-dependent angiogenesis, especially at the early stage of tumor development.[@bib16], [@bib17], [@bib18] VM is independent of endothelial cells, which may partly explain why anti-cancer drugs targeting angiogenesis have not achieved the expected success,[@bib18], [@bib19], [@bib20] Therefore, identifying molecules that suppress VM formation may provide targets for cancer therapy. The VE-cadherin (VE-Cad) and its downstream EphA2-PI3K/Akt-MMP2 signaling cascade have been shown to be critical for VM formation.[@bib9], [@bib10], [@bib13] Although IL-6 signaling is frequently activated in cancers, such as hepatocellular carcinoma (HCC),[@bib2], [@bib7] its effect in VM formation has not been reported yet.

We previously found that microRNA-29b (miR-29b) was frequently downregulated in HCC and associated with poor survival of patients; miR-29b promoted cell apoptosis by inhibiting Bcl-2 and Mcl-1 expression and inhibited tumor angiogenesis and metastasis via suppressing MMP2 expression.[@bib21], [@bib22] A study from another group revealed that miR-29b could also inhibit tumor proliferation by targeting CDK6.[@bib23] However, the regulatory role of miR-29b in VM formation and IL-6 signaling remains unknown.

In an attempt to identify the molecules that regulated VM formation, we disclosed that IL-6 derived from tumor cells and stromal cells could promote VM formation. Mechanism investigations revealed that IL-6 upregulated VE-Cad expression and MMP2 activity by activating STAT3, which consequently promoted VM formation. However, miR-29b could abolish the IL-6-promoted VM formation by directly inhibiting STAT3 and MMP2 expression. These findings explore a miRNA-29b-IL-6 signaling pathway and its regulatory role in VM formation.

Results {#sec2}
=======

IL-6-STAT3 Signaling Promotes the Tube Formation of Tumor Cells {#sec2.1}
---------------------------------------------------------------

To evaluate the effect of IL-6 signaling on VM formation, we first employed a well-established three-dimensional tube formation assay to examine the ability of different tumor cells to form VM in vitro. Two tumor cell lines (QGY-7703 and SMMC-7721), which displayed distinct activity of VM formation, were chosen for further investigation. Compared with QGY-7703, SMMC-7721 cells had a stronger ability to form a capillary-like tube structure ([Figure 1](#fig1){ref-type="fig"}A). The levels of IL-6 and IL-6R in SMMC-7721 cells were also higher than in QGY-7703 ([Figure S1](#mmc1){ref-type="supplementary-material"}). Furthermore, IL-6 promoted QGY-7703 cells to form capillary-like tubes ([Figure 1](#fig1){ref-type="fig"}B), whereas knockdown of IL-6R or STAT3 in QGY-7703 cells abolished the IL-6-promoted tube formation ([Figure 1](#fig1){ref-type="fig"}C). Consistently, tube formation of SMMC-7721 cells was also dramatically inhibited when IL-6, IL-6R, or STAT3 was silenced ([Figure 1](#fig1){ref-type="fig"}D). Moreover, treatment with S3I-201, a specific inhibitor of STAT3, suppressed the IL-6-promoted tube formation of QGY-7703 cells ([Figure 1](#fig1){ref-type="fig"}E) and the spontaneous tube formation of SMMC-7721 cells ([Figure 1](#fig1){ref-type="fig"}F). These results indicate that activation of IL-6 signaling may promote VM formation of tumor cells.Figure 1IL-6-STAT3 Signaling Promotes the Tube Formation of Tumor Cells In Vitro(A) QGY-7703 and SMMC-7721 cells displayed different capacities to form capillary-like tube structure. (B) IL-6 promoted capillary-like tube formation. QGY-7703 cells were stimulated with IL-6 for 24 hr, followed by tube formation assay. (C) The IL-6-promoted tube formation was inhibited by silencing IL-6R or STAT3. QGY-7703 cells were transfected with the indicated siRNA duplex for 24 hr and then cultured without (−) or with (+) IL-6 for another 24 hr, followed by tube formation assay. Data are from four independent experiments. (D) The tube formation of SMMC-7721 cells was inhibited by knocking down the expression of IL-6, IL-6R, or STAT3. Cells were transfected with the indicated siRNA duplex for 36 hr, followed by tube formation assay. (E) S3I-201 abolished the IL-6-promoted tube formation of QGY-7703 cells. Cells were cultured without or with S3I-201 or IL-6 for 24 hr, followed by tube formation assay. (F) S3I-201 inhibited the spontaneous tube formation of SMMC-7721 cells. Cells were stimulated with S3I-201 for 24 hr, followed by tube formation assay. For (B)--(F), the representative images of tube formation and the number of branch points of tubes are presented. "−" or Med indicates the cells that were cultured in DMEM with 5% FBS. IL-6 indicates the cells that were cultured in DMEM containing 5% FBS and IL-6. iMAX indicates the cells that were treated with Lipofectamine RNAiMAX without any RNA duplex. NC indicates the cells that were transfected with the negative control RNA duplex. DMSO indicates vehicle control for S3I-201. Scale bar, 50 μm. Error bar, SEM. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

IL-6 is not only secreted by tumor cells but also produced by stromal cells, such as cancer-associated fibroblasts (CAFs) and TAMs.[@bib1], [@bib4], [@bib5] As expected, the level of IL-6 in the conditioned medium (CM) derived from both CAFs (CM-CAF) and TAMs (CM-TAM) was much higher than that in the CM from non-activated normal fibroblasts (CM-NF) and macrophages ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Consistently, compared with CM-NF or CM from macrophages, CM-CAF and CM-TAM had a much stronger ability to increase the level of Tyr705-phosphorylated STAT3 (pSTAT3), a marker indicating the activation of IL-6-STAT3 signaling[@bib8] ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D), and to promote the tube formation of QGY-7703 cells ([Figures S2](#mmc1){ref-type="supplementary-material"}E and S2F). The CM-CAF- and CM-TAM-promoted STAT3 phosphorylation and tube formation were significantly attenuated when IL-6 in CM-CAF and CM-TAM was neutralized by antibody ([Figures 2](#fig2){ref-type="fig"}A--2C) or when IL-6R or STAT3 expression was silenced in QGY-7703 cells ([Figures 2](#fig2){ref-type="fig"}D and 2E).Figure 2Tumor Stromal Cells Promote VM Formation In Vitro by Activating IL-6 Signaling(A and B) Blocking IL-6 abrogated CM-CAF- and CM-TAM-induced STAT3 phosphorylation. QGY-7703 cells were cultured in CM-CAF (A) or CM-TAM (B) without (−) or with (+) treatment of IL-6-neutralizing antibody (anti-IL-6) for 1 hr before immunoblotting. (C) Blocking IL-6 inhibited the CM-CAF- and CM-TAM-promoted tube formation in vitro. QGY-7703 cells were cultured in CM-CAF (upper) or CM-TAM (lower) without (−) or with (+) anti-IL-6 for 36 hr before tube formation assay. The representative images and the number of branch points of tubes are presented. Scale bar, 50 μm. (D) Silencing IL-6R or STAT3 attenuated CM-CAF- or CM-TAM-induced STAT3 phosphorylation. QGY-7703 cells were transfected with the indicated RNA duplex for 36 hr and then cultured without (−) or with (+) CM-CAF or CM-TAM for 1 hr, followed by immunoblotting. (E) Silencing IL-6R or STAT3 inhibited the CM-CAF- or CM-TAM-promoted tube formation in vitro. QGY-7703 cells were transfected with the indicated RNA duplex for 24 hr and then cultured without (Med) or with CM-CAF or CM-TAM for another 24 hr, followed by tube formation assay. For treatment of CM-TAM (lower), data are from four independent experiments. For (A)--(E), "−" or Med indicates the cells that were grown in DMEM with 5% FBS. CM-CAF or CM-TAM indicates the cells that were grown in a mixture of equal volume of CM-CAF/CM-TAM and serum-free DMEM. GAPDH indicates internal control. Error bar, SEM. \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Altogether, IL-6, which was secreted by tumor cells or stromal cells, may promote tube formation of tumor cells in vitro.

IL-6-STAT3 Signaling Upregulates VE-Cad Expression and MMP2 Activity {#sec2.2}
--------------------------------------------------------------------

We then explored the mechanisms by which IL-6 promoted VM formation. Studies indicate that changes of vessel-associated molecules and remodeling of the extracellular matrix (ECM) play important roles in VM formation.[@bib9], [@bib10], [@bib12], [@bib13], [@bib14] Among these genes, VE-Cad, MMP2, and MMP9 were well-defined to be critical for VM formation. Because the level of MMP9 in both SMMC-7721 and QGY-7703 cells was extremely low (data not shown), the roles of VE-Cad and MMP2 in the IL-6-promoted VM formation were further investigated. As shown, IL-6 treatment not only increased the mRNA levels of VE-Cad and MMP2 ([Figure S3](#mmc1){ref-type="supplementary-material"}) but also enhanced the VE-Cad protein level and MMP2 activity in QGY-7703 cells ([Figures 3](#fig3){ref-type="fig"}A and 3B). Furthermore, blocking IL-6 signaling, by silencing IL-6R or STAT3 or treatment with S3I-201, reduced VE-Cad expression and MMP2 activity in IL-6-stimulated QGY-7703 cells ([Figures 3](#fig3){ref-type="fig"}C and 3D) and in SMMC-7721 cells ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). Consistently, knockdown of VE-Cad or MMP2 in QGY-7703 cells abolished the IL-6-promoted tube formation ([Figures 3](#fig3){ref-type="fig"}E and 3F).Figure 3IL-6-STAT3 Signaling Promotes VM Formation by Upregulating VE-Cad and MMP2(A) IL-6 treatment increased the level of VE-Cad protein. QGY-7703 cells were cultured in serum-free DMEM for 24 hr, followed by incubation with the refreshed serum-free medium without (Med) or with IL-6 for the indicated time before immunoblotting. (B) IL-6 treatment enhanced the activity of MMP2. QGY-7703 cells were cultured in serum-free DMEM without (Med) or with IL-6 for 24 hr; the conditioned medium was then applied to gelatin zymography analysis. (C) Knockdown of IL-6R or STAT3 attenuated IL-6-stimulated VE-Cad expression and MMP2 activity. After transfection with the indicated RNA duplex, QGY-7703 cells were either stimulated with IL-6 (in DMEM with 10% FBS) for 24 hr before immunoblotting (upper and middle) or stimulated with IL-6 (in serum-free DMEM) for 24 hr before gelatin zymography analysis for MMP2 activity (lower). iMAX indicates the cells that were transfected with Lipofectamine RNAiMAX without any RNA duplex. NC indicates the cells that were transfected with the negative control RNA duplex. (D) S3I-201 treatment reduced IL-6-stimulated VE-Cad expression and MMP2 activity. For immunoblotting, QGY-7703 cells were cultured in serum-free DMEM for 24 hr, followed by incubation with serum-free DMEM without or with S3I-201 or IL-6 for 2 hr. For gelatin zymography analysis, cells were cultured in serum-free DMEM without or with S3I-201 or IL-6 for 24 hr. DMSO was used as a vehicle control for S3I-201. (E and F) Knockdown of VE-Cad or MMP2 abolished the IL-6-promoted tube formation. QGY-7703 cells were transfected with NC, siVE-Cad (E), or siMMP2 (F) for 24 hr and then cultured in 5% FBS-containing DMEM without (Med) or with IL-6 for another 24 hr before tube formation assay. The number of the branch points of tubes is presented. \*\*p \< 0.01. For (A), (C), and (D), GAPDH was used as an internal control for immunoblotting. (G) The fraction of pSTAT3-staining cells was higher in human VM^+^ HCC tissues. Left: double-staining for human CD34 and PAS. Middle: staining for human pSTAT3. Right: the fractions of pSTAT3-staining cells (as a percentage) in VM^−^ tissues (n = 41) and VM^+^ tissues (n = 22). VM structures were identified by the vascular channels that contained red blood cells and were lined by tumor cells, but not endothelial cells (PAS^+^CD34^−^, indicated by arrowheads). The endothelial vessels were stained brown by antibody against CD34. Scale bar, 50 μm. Error bar, SEM. \*\*\*p \< 0.001. See also [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

Further analyses in clinical samples showed that 34.9% (22/63) of human HCC tissues had VM structures, which were identified by the vascular channels that contained red blood cells and were lined by tumor cells, but not endothelial cells (PAS^+^CD34^−^) ([Figure 3](#fig3){ref-type="fig"}G, left). The cases with VM structure in the HCC section were designated VM^+^, and those without VM in a whole HCC section were designated VM^−^. The nuclear staining of Tyr705-pSTAT3 ([Figure 3](#fig3){ref-type="fig"}G, middle) was detected in 91% VM^+^ cases (20/22), but only in 39.0% (16/41) VM^−^ ones, and the fraction of cells with nuclear pSTAT3 staining was significantly higher in VM^+^ specimens compared with VM^−^ tissues ([Figure 3](#fig3){ref-type="fig"}G, right), suggesting a positive association between the activation of IL-6-STAT3 signaling and the formation of the VM structure in HCC tissues.

Collectively, these results imply that IL-6 may enhance VE-Cad expression and MMP2 activity by activating STAT3, which consequently results in VM formation.

miR-29b Abolishes IL-6-Promoted VM Formation by Inhibiting STAT3 and MMP2 Expression {#sec2.3}
------------------------------------------------------------------------------------

The preceding data disclosed the importance of IL-6 signaling on VM formation. Thus, targeting the IL-6 pathway may be an efficient way to inhibit VM formation and subsequent tumor growth. MicroRNA (miRNA) is an attracting molecule, because it may regulate cellular activity by targeting multiple genes.[@bib24], [@bib25] In a previous study, we observed that miR-29b directly suppressed MMP2 expression by binding to its 3′ UTR.[@bib21] Here, we demonstrated that miR-29b also significantly inhibited the activity of firefly luciferase that carried wild-type, but not mutant 3′ UTR of MMP2 in QGY-7703 and SMMC-7721 cells ([Figure 4](#fig4){ref-type="fig"}A; [Figure S5](#mmc1){ref-type="supplementary-material"}A). Moreover, overexpression of miR-29 reduced the MMP2 activity in these cell lines ([Figure 4](#fig4){ref-type="fig"}B; [Figure S5](#mmc1){ref-type="supplementary-material"}B). Because QGY-7703 cells displayed a higher miR-29b level than that of SMMC-7721 cells (data no shown), we analyzed the effects of antagonizing endogenous miR-29b in QGY-7703 cells. Consistently, inhibition of miR-29b enhanced MMP2 activity ([Figure 4](#fig4){ref-type="fig"}C).Figure 4miR-29b Suppresses MMP2 and STAT3 Expression by Binding to Their 3′ UTR(A) miR-29b suppressed gene expression by binding to the 3′ UTR of *MMP2* mRNA. Upper: miR-29b and its putative binding sequence in the 3′ UTR of *MMP2*. Lower: QGY-7703 cells were co-transfected with NC or miR-29b duplex, the luciferase reporter plasmid containing wild-type or mutant 3′ UTR of *MMP2* (indicated as Wt or Mut on the x axis), and a *Renilla* luciferase-expressing construct. (B and C) miR-29b inhibited the activity of MMP2. QGY-7703 cells were transfected with NC or miR-29b (B) or with anti-NC or anti-miR-29b (C) for 36 hr, followed by culture in serum-free DMEM with (+) or without (−) IL-6 for 24 hr. Conditioned medium from tumor cells (TCM) was then collected and applied to gelatin zymography analysis. (D) miR-29b suppressed gene expression by binding to the 3′ UTR of *STAT3* mRNA. Upper: miR-29b and its putative binding sequence in the 3′ UTR of *STAT3*. Lower: QGY-7703 cells were co-transfected with NC or miR-29b duplex, the luciferase reporter plasmid containing wild-type or mutant 3′ UTR of *STAT3* (indicated as Wt or Mut on the x axis), and a *Renilla* luciferase-expressing construct. (E and F) miR-29b reduced the cellular levels of STAT3 and its phosphorylated form. QGY-7703 cells were transfected with NC or miR-29b (E) or with anti-NC or anti-miR-29b (F) for 36 hr and then cultured in 5% FBS-containing DMEM with (+) or without (−) IL-6 for 0.5 hr before immunoblotting. For (B), (C), (E), and (F), iMAX indicates the cells that were transfected with Lipofectamine RNAiMAX without any duplex. NC and anti-NC indicate negative control for miR-29b and anti-miR-29b, respectively. GAPDH indicates internal control. (G) Human HCC tissues with lower miR-29b expression displayed a higher pSTAT3 level. The level of pSTAT3 was analyzed by immunohistochemical staining as in [Figure 3](#fig3){ref-type="fig"}G, and the level of miR-29b was detected by qPCR and normalized to RNU6. The median miR-29b level was chosen as the cutoff point to separate low-miR-29b-expressing tumors (n = 31) from high-miR-29b-expressing tumors (n = 32). Scale bar, 50 μm. Error bar, SEM. \*\*\*p \< 0.001. See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

STAT3 was also predicted as a target of miR-29b by TargetScan (Human 6.2) and MiRanda (August 2010 release). A dual-luciferase reporter assay showed that co-transfection of miR-29b significantly inhibited the activity of luciferase with wild-type 3′ UTR of STAT3, yet this effect was abrogated when the predicted miR-29b-binding site in the 3′ UTR was mutated ([Figure 4](#fig4){ref-type="fig"}D; [Figure S5](#mmc1){ref-type="supplementary-material"}C). Moreover, introduction of miR-29b reduced the levels of STAT3 and its phosphorylated form ([Figure 4](#fig4){ref-type="fig"}E; [Figures S5](#mmc1){ref-type="supplementary-material"}D and S5E), whereas antagonism of endogenous miR-29b upregulated STAT3 protein ([Figure 4](#fig4){ref-type="fig"}F). Consistently, human HCC tissues with lower miR-29b expression displayed higher levels of pSTAT3 ([Figure 4](#fig4){ref-type="fig"}G; [Figure S6](#mmc1){ref-type="supplementary-material"}) and MMP2.[@bib21] These results suggest that miR-29b may function as a repressor of STAT3 and MMP2.

The role of miR-29b on VM formation was then examined. Restoration of miR-29b expression in tumor cells significantly suppressed the IL-6-promoted tube formation of QGY-7703 ([Figure 5](#fig5){ref-type="fig"}A) and the spontaneous tube formation of SMMC-7721 cells ([Figure 5](#fig5){ref-type="fig"}B). In contrast, antagonism of endogenous miR-29b in QGY-7703 cells enhanced tube formation ([Figure 5](#fig5){ref-type="fig"}C), suggesting the suppressive role of miR-29b on VM formation in vitro. The anti-VM effect of miR-29b was verified in vivo. QGY-7703 cells were mixed with IL-6 and then implanted subcutaneously into the posterior flank of nude mice. The adeno-associated virus 8 (AAV8) that expressed miR-29b (AAV8-miR-29b) ([Figure S7](#mmc1){ref-type="supplementary-material"}A) or GFP (AAV8-Ctrl) was then injected into either side of xenografts. Compared with the AAV8-Ctrl group, intratumoral injection of AAV8-miR-29b significantly inhibited VM formation ([Figure 5](#fig5){ref-type="fig"}D) and reduced microvessel density (MVD) ([Figure S7](#mmc1){ref-type="supplementary-material"}B) and tumor growth ([Figure S7](#mmc1){ref-type="supplementary-material"}C). Moreover, the level of miR-29b was lower in human VM^+^ HCC tissues compared with VM^−^ ones ([Figure 5](#fig5){ref-type="fig"}E). Altogether, both in vitro and in vivo assays indicate the suppressive effect of miR-29b on VM formation.Figure 5miR-29b Represses IL-6-Promoted VM Formation In Vitro and In Vivo(A) Restoration of miR-29b expression significantly suppressed the IL-6-promoted tube formation of QGY-7703. Cells were transfected with NC (negative control) or miR-29b for 24 hr and then grown in 5% FBS-containing DMEM without (−) or with (+) IL-6 for another 24 hr before tube formation assay. (B) Restoration of miR-29b expression significantly suppressed the spontaneous tube formation of SMMC-7721 cells. Cells were transfected with NC or miR-29b for 36 hr before tube formation assay. (C) Antagonism of cellular endogenous miR-29b enhanced the tube formation of QGY-7703 cells. Cells were transfected with anti-NC (negative control) or anti-miR-29b for 48 hr before tube formation assay. For (A)--(C), iMAX indicates the cells that were transfected with Lipofectamine RNAiMAX without any duplex. (D) miR-29b inhibited the IL-6-promoted VM formation in vivo. QGY-7703 cells (1 × 10^6^) mixed with IL-6 (200 ng) were implanted into nude mice subcutaneously. AAV8-Ctrl or AAV8-miR-29b were intratumorally injected at the 5^th^ day and 9^th^ day post-implantation (n = 8 for each group). Tumors were dissected 5 days after the last injection of viruses and applied to analyses for VM formation. The vascular channels that were lined by tumor cells, but not endothelial cells (PAS^+^CD34^−^), were designated as VM structures (indicated by arrowheads). The endothelial vessels were stained brown by antibody against mCD34. (E) The miR-29b level was significant lower in human VM^+^ HCC tissues. The level of miR-29b in VM^−^ tissues (n = 41) and VM^+^ tissues (n = 22) was detected by qPCR, and RNU6 was used as an internal control, as in [Figure 4](#fig4){ref-type="fig"}G. Scale bar, 50 μm. Error bar, SEM.\*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

We then verified whether miR-29b blocked VM formation by abrogating IL-6-STAT3 signaling. As shown, restoration of miR-29b expression dramatically attenuated the promoting effect of IL-6 on the expression of pSTAT3 and VE-Cad proteins and the activity of MMP2 ([Figure 6](#fig6){ref-type="fig"}A). Furthermore, overexpression of STAT3C, a constitutive active form of STAT3, antagonized the suppression of miR-29b on the VE-Cad expression and the tube formation of tumor cells ([Figures 6](#fig6){ref-type="fig"}B and 6C; [Figure S8](#mmc1){ref-type="supplementary-material"}). Consistently, the AAV8-miR-29b-injected QGY-7703-xenografts ([Figure 5](#fig5){ref-type="fig"}D) displayed lower levels of pSTAT3 and MMP2 than the control ones ([Figures 6](#fig6){ref-type="fig"}D and 6E).Figure 6miR-29b Blocks IL-6-Promoted VM Formation by Abrogating IL-6-STAT3-VE-Cad-MMP2 Signaling(A) miR-29b attenuated IL-6-promoted VE-Cad expression and MMP2 activity. For immunoblotting, QGY-7703 cells that were transfected with NC or miR-29b were cultured in serum-free DMEM for 24 hr, followed by incubation with the refreshed serum-free DMEM without (−) or with (+) IL-6 for 2 hr. For gelatin zymography analysis, QGY-7703 cells that were transfected with NC or miR-29b were cultured in serum-free DMEM without or with IL-6 for 24 hr. (B and C) Activated STAT3 abolished the suppressive effect of miR-29b on VE-Cad expression and tube formation. SMMC-7721 cells were co-transfected with the indicated plasmid (200 ng) and RNA duplex (50 nM) for 48 hr and then applied to immunoblotting (B) or tube formation assay (C). Vec indicates the pcDNA3-EGFP vector expressing EGFP only. STAT3C indicates the pcDNA3-EGFP-STAT3C vector expressing both EGFP and constitutively activated STAT3 under the control of different promoters. GAPDH indicates the internal control. (D and E) The AAV8-miR-29b-infected xenografts displayed lower levels of pSTAT3 and MMP2. The percentages of pSTAT3-staining cells (D) and MMP2-staining cells (E) in the QGY-7703-xenografts (n = 8 for each group) were analyzed by immunohistochemical staining. Scale bar, 50 μm. (C--E) Error bar, SEM. \*p \< 0.05; \*\*\*p \< 0.001. (F) The paradigm of the miR-29b-IL-6 signaling in VM formation. See also [Figure S8](#mmc1){ref-type="supplementary-material"}.

Collectively, these data indicate that miR-29b may inhibit the IL-6-stimulated VM formation by directly suppressing STAT3 and MMP2 expression and in turn repressing the IL-6-STAT3 signaling pathway ([Figure 6](#fig6){ref-type="fig"}F).

Discussion {#sec3}
==========

This work uncovers that IL-6, derived from tumor cells and stromal cells, activates STAT3 and, in turn, upregulates VE-Cad and MMP2 expression, and consequently promotes the VM formation of tumor cells. However, miR-29b significantly inhibits VM formation by directly suppressing STAT3 and MMP2 expression and in turn attenuating IL-6-STAT3 signaling transduction ([Figure 6](#fig6){ref-type="fig"}F). Our findings disclose a signaling cascade and an important mechanism of VM formation, which provides potential targets for anti-cancer therapy.

The tumor microcirculation plays a central role in the rapid growth and hematogenous dissemination of cancer cells.[@bib26], [@bib27] Endothelium-dependent vessels, which require the recruitment of normal endothelial cells, may not be sufficient to sustain aggressive tumor growth at the early stage of rapid growth. It is proposed that VM and mosaic vessels are the major sources of blood supply at early stage of tumor formation.[@bib14], [@bib17], [@bib20], [@bib28], [@bib29] Another interesting observation is that VM is most frequently observed in the boundary region between tumor and adjacent normal tissue, where tumor cells are rapidly growing.[@bib17], [@bib28], [@bib29] Studies in the xenografts reveal the existence of blood perfusion between the endothelial-lined vasculature and the VM networks,[@bib28], [@bib29] and the presence of VM was associated with both shorter recurrence-free survival and overall survival of patients.[@bib9], [@bib10], [@bib18], [@bib19] Collectively, VM is an important complement of tumor microcirculation, and it provides an alternative pathway for tumor growth and metastasis. However, the underlying mechanism of VM formation remains unclear. Studies have reported that PI3K/Akt signaling participates in VM formation by regulating the activity of MMP2.[@bib9], [@bib10] PI3K/Akt increases MT1-MMP activity, resulting in transition of pro-MMP2 into active MMP2. Then, MMP2 cleaves the laminin (Ln) 5γ2 chain into γ2 and γ2*x* fragments, which are deposited in the ECM and induce VM formation. VE-Cad also plays a significant role in VM formation by increasing the level of phosphorylated EphA2.[@bib9], [@bib10] The phosphorylated EphA2 activates PI3K and FAK, which both lead to MMP2 activation and subsequent Ln-5γ2 cleavage. Here, we demonstrated that IL-6 signaling is an important regulatory mechanism of VM formation based on in vitro and in vivo analyses. First, recombinant IL-6 protein or tumor cell- and stromal cell-secreted IL-6 was able to promote tumor cells to form capillary-like tubes in vitro. Blocking IL-6 signal transduction either by knocking down the expression of IL-6, IL-6R, or STAT3, or by IL-6-neutralizing antibody or STAT3 inhibitor, abolished the IL-6-promoted tube formation of tumor cells. Second, both gain- and lost-of-function studies disclosed that IL-6 activated STAT3 and, in turn, upregulated VE-Cad and MMP2 expression, and consequently resulted in VM formation. Third, analysis on clinical samples revealed that the activation of IL-6-STAT3 signaling was positively correlated with the number of VM structures in HCC tissues.

Previous studies on VM have focused on the tumor cell, such as tumor plasticity, and ECM remodeling.[@bib9], [@bib12], [@bib13], [@bib14], [@bib15] However, the effect of the tumor microenvironment on VM formation was less explored. CAFs and TAMs are the major constituents of the microenvironment that contributes to tumor progression.[@bib4], [@bib5], [@bib26], [@bib27] The roles of CAFs and TAMs in VM formation remain unclear. Recently, we showed that the CAF-secreted transforming growth factor β (TGF-β) and SDF1 enhanced the expression of VE-cad, MMP2, and Ln-5γ2 via TGF-βR1 and CXCR4 in tumor cells, thereby promoted VM formation.[@bib30] At the same time, a study from another group showed that the conditioned medium derived from the M2 macrophage promoted tube formation of glioma cells in vitro by amplifying IL-6 expression in glioma cells.[@bib31] However, this study only conducted an in vitro tube formation assay and did not explored how IL-6 exerted the tube formation-promoting function. So far, these are the only two reports to show the roles of fibroblasts and macrophages in VM formation. Our study further highlights the significance of CAFs and TAMs in VM formation and discloses the underlying mechanisms. Here we showed that compared with CM-NF or CM from macrophages, CM-CAF and CM-TAM displayed a much higher level of IL-6 and a much stronger capability to enhance STAT3 phosphorylation and VM formation of tumor cells. CM-CAF- and CM-TAM-promoted STAT3 phosphorylation and VM formation were significantly attenuated when IL-6-neutralizing antibody or STAT3 inhibitor was added or when IL-6R or STAT3 expression in tumor cells was silenced. These data indicate that CAFs and TAMs may promote VM formation by secreting IL-6, resulting in activation of IL-6-STAT3 signaling in tumor cells.

Traditional anti-angiogenesis drugs, such as anginex and endostatin, have been shown to be ineffective in inhibiting VM.[@bib18], [@bib19], [@bib20] Identification of potential targets, which can be applied to inhibit both angiogenesis and VM formation, may be effective in abolishing tumor microcirculation and tumor progression. miRNAs are attractive targets for cancer therapy, because they may regulate cellular activity by targeting multiple genes.[@bib25] miR-29b is frequently downregulated in different types of cancers, and it can promote cell apoptosis and inhibit proliferation, tumor angiogenesis, and metastasis. It was reported that miR-29b overexpression inhibited the activity of a luciferase reporter containing STAT3 3′ UTR and decreased the level of STAT3 mRNA and protein in HER2-positive breast cancer cells.[@bib32] However, the relation of miR-29b and STAT3 in vivo and whether miR-29b affects IL-6-induced STAT3 activation and VM formation have not been explored yet. In this study, based on human HCC specimens and cell and animal models, we showed that miR-29b significantly suppressed the IL-6-promoted VM formation of tumor cells by targeting STAT3 and in turn blocking IL-6 signaling transduction. MMP2, which could be transcriptionally induced by STAT3 and played a vital role in VM formation,[@bib8], [@bib9] was also a direct target of miR-29b in this model. Considering its role in promoting apoptosis and suppressing proliferation, VM formation, angiogenesis, and metastasis, miR-29b should represent a promising molecule for anti-cancer therapy.

In summary, we disclose the importance of tumor stromal cells and miR-29b-IL-6-STAT3 signaling in the VM formation of HCC cells. These findings should be applicable to other types of tumors, because IL-6 activation and miR-29b downregulation are prevalent events in tumor cells and are associated with excessive growth, invasion, and angiogenesis of different types of cancers.

Materials and Methods {#sec4}
=====================

More details are provided in [Supplemental Materials and Methods](#mmc1){ref-type="supplementary-material"}.

Human Tissue Specimens {#sec4.1}
----------------------

All tissues were obtained from pathologically confirmed HCC patients who underwent HCC resection at the Cancer Center, Sun Yat-sen University. No local or systemic treatment had been conducted before operation. Informed consent was obtained from each patient, and the protocol was approved by the Institutional Research Ethics Committee, Sun Yat-sen University. The patients were anonymously coded in accordance with ethical guidelines, as instructed by the Declaration of Helsinki.

Reagents {#sec4.2}
--------

The antibodies and chemicals used were as follows: mouse monoclonal antibodies (mAbs) against Tyr705-pSTAT3 (sc-8059, Santa Cruz Biotechnology), STAT3 (sc-8019, Santa Cruz Biotechnology), GAPDH (BM1623, Boster), human cell surface glycoprotein CD34 (hCD34, clone QBEnd/10, Santa Cruz Biotechnology), rat mAb against mouse CD34 (mCD34, clone MEC14.7, BioLegend), and rabbit polyclonal antibody (pAb) against VE-Cad (ab33168, Abcam). Recombinant human IL-6 protein (206-IL-050, R&D Systems) was dissolved at 100 μg/mL in serum-free DMEM (Life Technologies) and was used at a final concentration of 50 ng/mL. Neutralizing antibody against IL-6 (anti-IL-6, No. 6708, R&D Systems) was used at a final concentration of 40 μg/mL. The inhibitor of STAT3, S3I-201 (S1155, Selleck Chemicals), was dissolved at 100 mM in DMSO (Sigma-Aldrich) and was used at a final concentration of 100 μM.

Tumor Cell Lines {#sec4.3}
----------------

The human HCC cell lines, including QGY-7703 and SMMC-7721, were maintained in DMEM supplemented with 10% fetal bovine serum (FBS, Hyclone).

Isolation and Culture of CAFs and NFs {#sec4.4}
-------------------------------------

Fresh HCC specimens and the matched non-tumor liver tissues were collected to isolate CAFs and NFs, respectively. Tissues were rinsed in 1× PBS containing penicillin (100 U/mL) and streptomycin (0.1 mg/mL) and then sliced into small pieces (∼8 mm^3^). The necrotic tissues were carefully removed. The sliced tissue was incubated at 37°C for 2--6 hr in DMEM containing digestion enzymes (100 U/mL hyaluronidase, Life Technologies; 1 mg/mL collagenase type I, Sigma-Aldrich), with periodic shaking. Afterward, the tissue lysate was diluted in 1× PBS and centrifuged at 400 × *g* for 8 min. The cell pellet was then collected and re-suspended in 40 mL fresh 1× PBS. The centrifugation and re-suspension steps were repeated three times, followed by seeding the cells at a concentration of 1 × 10^6^ cells/mL in RPMI-1640 (RPMI, Life Technologies) supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (0.1 mg/mL). Two primary NFs and CAFs were successfully isolated from two HCC patients (patients 1 and 2). Unless otherwise indicated, the patient 1 CAF was employed for the analysis.

Establishment of Macrophages and TAMs {#sec4.5}
-------------------------------------

Ficoll (GE Healthcare Life Sciences) density gradient centrifugation was used to isolate human peripheral blood mononuclear cells (PBMCs) from leukocyte-enriched buffy coats obtained from healthy donors. Monocytes were further isolated from PBMCs by CD14-positive selection using magnetic-activated cell sorting (MACS) technology (Miltenyi Biotec) and then cultured for 2--3 days in DMEM supplemented with 10% human AB serum to differentiate into macrophages or further followed by incubation with 15% CM of QGY-7703 cells for 6 days to generate TAMs. Two primary macrophages and their corresponding TAMs were established from two healthy donors (donors 3 and 4). Unless otherwise indicated, the donor 3 TAM was employed for the analysis.

The CM of tumor cells used for TAM establishment was prepared as follows: QGY-7703 cells (5 × 10^6^) were plated in a 100-mm dish containing 10 mL DMEM with 10% FBS for 24 hr, followed by refreshment with DMEM supplemented with 10% human AB serum and incubation for another 48 hr. The CM was collected and centrifuged at 500 × *g* to remove detached cells and then at 12,000 × *g* to discard cell debris (4°C, 10 min for each). The aliquots were stored at −80°C until use.

Preparation of CM-NF, CM-CAF, and CM from Macrophages and CM-TAM {#sec4.6}
----------------------------------------------------------------

NFs, CAFs, macrophages, or TAMs (1 × 10^5^) were plated in a 12-well dish for 24 hr, followed by refreshment with 500 μL DMEM supplemented with 10% FBS and further incubation for 24 hr. The CM was collected and centrifuged at 500 × *g* to remove detached cells and then at 12,000 × *g* to discard cell debris (4°C, 10 min for each). The aliquots were stored at −80°C until use.

Three-Dimensional Tube Formation Assays {#sec4.7}
---------------------------------------

Tumor cells with different treatments were digested, counted, and re-suspended in 5% FBS-containing DMEM and then applied to tube formation assay, which was performed by seeding 3.5 × 10^4^ tumor cells (in 200 μL, 5% FBS-containing DMEM) in a 48-well plate pre-coated with Matrigel (at a concentration of 60%, 3432-005-01, R&D Systems) and then incubated for 6 hr. The formation of capillary-like structures was captured under a light microscope. The branch points of the formed tubes, which represented the degree of VM in vitro, were scanned and quantitated in five fields (200×).

To avoid the bias induced by distinct growth rates of cells that underwent different treatments, tumor cells with various treatments were digested, counted, and re-suspended in the same density and incubated on Matrigel for 6 hr. The total numbers of cells with or without exposure to IL-6, STAT3 inhibitor, or IL-6 neutralizing antibody were similar at the end of tube formation assay.

RNA Oligoribonucleotides, Vectors, and AAV8 {#sec4.8}
-------------------------------------------

Small interfering RNA (siRNA) duplexes, miR-29b mimics, and miR-29b inhibitor (anti-miR-29b) were purchased from GenePharma. The firefly luciferase reporter system was used to verify the 3′ UTR that were targeted by miR-29b. To create luciferase reporter construct, a wild-type or mutant 3′ UTR segment of target mRNA was inserted downstream of the stop codon of firefly luciferase in the pGL3cm vector,[@bib33] a modified pGL3-control vector (Promega). The pcDNA3-EGFP-STAT3C vector was used to express EGFP and constitutively active STAT3. AAV8 system was used to deliver miR-29b in vivo.

All constructs were verified by direct DNA sequencing. The sequences of RNA oligoribonucleotides and primers are provided in [Table S1](#mmc1){ref-type="supplementary-material"}.

Cell Transfections {#sec4.9}
------------------

Reverse transfection of RNA oligoribonucleotides and co-transfection of RNA duplex with plasmid DNA were performed using Lipofectamine RNAiMAX and Lipofectamine 2000 (Life Technologies), respectively.

Mouse Xenograft Models {#sec4.10}
----------------------

All procedures for animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (NIH publication No. 80-23, revised 1996) and according to the Sun Yat-sen University Institutional Ethical Guidelines for animal experiments.

To analyze the effect of miR-29b on the IL-6-promoted VM formation in vivo, QGY-7703 cells (1 × 10^6^) mixed with IL-6 (200 ng) were injected subcutaneously into both sides of the posterior flank of BALB/c nude mice at 4 weeks of age. AAV8-miR-29b or AAV8-Ctrl (1 × 10^11^ vector genomes) were injected into xenografts at the 5^th^ day and 9^th^ day post-implantation, and tumors were dissected 5 days after the last injection of viruses, fixed in 10% formalin, and embedded in paraffin.

The length (L) and width (W) of the dissected tumors were measured, and the tumor volume (V) was calculated using the formula V = (L × W^2^) × 0.5.

IHC and PAS Staining {#sec4.11}
--------------------

Paraffin-embedded tissue sections were applied to immunohistochemistry (IHC). To investigate VM structure, tissues, which were stained with CD34, were further counterstained by PAS (cat. BA4080A, BASO) and hematoxylin.

pSTAT3 and MMP2 expression was evaluated under a light microscope at a magnification of 400×. For each sample, a total of 1,000 to ∼2,000 tumor cells were analyzed. The percentage of the pSTAT3- or MMP2-staining cells was calculated.

The MVD, which represents the degree of angiogenesis in vivo, was evaluated by staining for mCD34 in xenografts. Any stained discrete cluster or single cell was counted as one microvessel, and the average number of microvessels per field (200×) was presented as MVD.

Luciferase Reporter Assay {#sec4.12}
-------------------------

QGY-7703 cells and SMMC-7721 cells in a 48-well plate were co-transfected with RNA duplex and luciferase reporter plasmid and then applied to luciferase assay as described.[@bib33]

Analysis of Gene Expression {#sec4.13}
---------------------------

Gene level was analyzed by real-time qPCR, western blotting, or ELISA.

Gelatin Zymography {#sec4.14}
------------------

The activity of MMP2 in the CM of tumor cells was detected by gelatin zymography.

Immunofluorescent Staining {#sec4.15}
--------------------------

SMMC-7721 cells were applied to immunofluorescent staining using primary antibody against pSTAT3.

Statistical Analysis {#sec4.16}
--------------------

Data are expressed as the mean ± SEM. Unless otherwise indicated, for all in vitro experiments, data from three independent experiments were analyzed. For mouse and clinical samples, the numbers of mice or patients were indicated in the corresponding figure legends. The differences between groups were analyzed using Student's t test when only two groups were compared or by one-way ANOVA when more than two groups were compared. All statistical tests were two sided. Differences were considered statistically significant at p \< 0.05. All analyses were performed with GraphPad Prism v.5 (GraphPad).
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